The trailing edge regions of high-temperature gas turbine blades are subjected to extremely high thermal loads and are affected by the external wake flow during operation, thus creating great challenges in internal cooling design. With the development of cooling technology, the dimple and protrusion have attracted wide attention for its excellent performance in heat transfer enhancement and flow resistance reduction. Based on the typical internal cooling structure of the turbine blade trailing edge, trapezoidal cooling channels with lateral extraction slots are modeled in this paper. Five channel outlet configurations, i.e., no second passage (OC1), radially inward flow second passage (OC2), radially outward flow second passage (OC3), top region outflow (OC4), both sides extractions (OC5), and three dimple/protrusion arrangements (all dimple, all protrusion, dimple-protrusion staggered arrangement) are considered. Numerical investigations are carried out, within the Re range of 10,000-100,000, to analyze the flow structures, heat transfer distributions, average heat transfer and friction characteristics and overall thermal performances in detail. The results show that the OC4 and OC5 cases have high heat transfer levels in general, while the heat transfer deterioration occurs in the OC1, OC2, and OC3 cases. For different dimple/protrusion arrangements, the protrusion case produces the best overall thermal performance. In conclusion, for the design of trailing edge cooling structures with lateral slots, the outlet configurations of top region outflow and both sides extractions, and the all protrusion arrangement, are recommended.
Introduction
The improvement in the power and efficiency of gas turbines is largely dependent on the continuous increase of turbine inlet temperature. As a result, the turbine blades are subjected to high thermal load during operation, and are prone to ablation accidents. Although the performance of materials is constantly improving, it is still far from meeting the development need of gas turbines, thus effective thermal protection technologies must be adopted. In addition to the use of thermal battier coatings [1] , coolant-based efficient cooling methods are essential for releasing the blade thermal load to reduce its temperature, and further ensuring the safe operation of gas turbines [2] . Blade cooling technology mainly includes internal cooling and film cooling [3] . In internal cooling, various heat transfer augmentation methods, including jet impingement [4] , U shaped turning bend [5] , and rough structures [6] are usually applied, and recently the closed cycle-based steam cooling technology [7] has been developed, greatly promoting the improvement of cooling performance. Han [8] of Texas the local flow structures and enhanced heat transfer by 40%. Zhang et al. [22] proposed a rectangular cooling channel with longitudinal crossed ribs, and numerically investigated the thermal performance within the Re range of 10,000-30,000. It was concluded that the heat transfer improvement benefited from the secondary flow generated by the rib intersection. Siddique et al. [23] arranged dimple structures on the endwalls of two-pass trailing edge channels, and discussed the effects of dimple arrangement on the heat transfer. In order to further improve the cooling performance in the trailing edge, composite cooling technologies based on various cooling methods have become a research hotspot. Taslim et al. [24] experimentally and numerically investigated the impingement cooling performance in the trailing edge channels with ribs, and analyzed the effects of jet angle and Re. Luo et al. [25] constructed cooling channels with fin-dimple/protrusion composite structures, and concluded that, after numerical investigations, the increase in the dimple/protrusion depth was helpful to improve the heat transfer enhancement. Furthermore, Ye et al. [26] numerically investigated the cooling performance of perforated blockages with inclined holes, and found that the cooling technology greatly improved heat transfer while producing high flow resistance.
According to the above literature review, a large number of researches on the trailing edge cooling performance have been conducted, and have covered various aspects, effectively promoting the development of blade cooling technology. In the actual operation of blade trialing edge, the channel outlet configuration is flexible and variable, which has a great influence on the flow and heat transfer characteristics, while this has been rarely investigated. In addition, the dimple and protrusion have been widely used in the mid-chord regions, but whose applications in the trailing edge have rarely been studied. Taken together, the investigation of dimple-protrusion composite structure and its coupling effect with channel outlet configuration in the trailing edge has not been reported in open literature. Based on the above research status, the numerical simulation model of trapezoidal cooling channels with lateral extraction slots are constructed, taking into consideration five channel outlet configurations and three dimple/protrusion arrangements. The flow structures, heat transfer distributions, average heat transfer and friction characteristics and overall thermal performances are analyzed in detail within the Re range of 10,000-100,000.
Research Object and Case Settings
Based on the typical internal cooling structure of turbine blades presented by Han [8] , the trapezoidal trailing edge cooling channels with lateral extraction slots are modeled in this paper, shown in Figure 1 . The coolant enters the channel from the bottom surface and flows through a 135 mm long inlet extension to achieve a fully developed state. Then the coolant flows into the main channel of trailing edge whose radial length is 206 mm, and the dimples/protrusions are evenly arranged on the wall of both sides. In addition, six lateral slots are set up at the short side, from which the coolant is discharged.
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Based on the typical internal cooling structure of turbine blades presented by Han [8] , the trapezoidal trailing edge cooling channels with lateral extraction slots are modeled in this paper, shown in Figure 1 . The coolant enters the channel from the bottom surface and flows through a 135 mm long inlet extension to achieve a fully developed state. Then the coolant flows into the main channel of trailing edge whose radial length is 206 mm, and the dimples/protrusions are evenly arranged on the wall of both sides. In addition, six lateral slots are set up at the short side, from which the coolant is discharged. [8] and the trailing edge cooling channels studied in this paper (right). [8] and the trailing edge cooling channels studied in this paper (right). Figure 2 shows the structures and parameters of five channel outlet configurations, where Figure 2a is the channel without second passage (OC1), and it can be seen that six lateral slots with the width of 20 mm and the pitch of 34 mm, are evenly arranged in the radial direction; Figure 2b is the channel with radially inward flow second passage (OC2); Figure 2c is the channel with radially outward flow second passage (OC3); Figure 2d is the channel with lateral extraction and top region outflow (OC4); (e) is the channel with both sides lateral extractions (OC5). Figure 2f displays the cross section of trailing edge channel with second passage. The main channel has a cross section of isosceles trapezoid with a long side of 21.6 mm, a short side of 6mm and a height of 59 mm. The thickness and length of lateral slot are 3 and 8 mm, respectively. And the second passage has a rectangular cross section of 19 × 16 mm. It should be noted that the different outlet configurations have the same main channel, lateral slots and second passage.
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Numerical Method and Parameter Definition
In this paper, numerical calculations are conducted to obtain the internal flow structure, heat transfer and friction characteristics by discretely solving the continuity, momentum, and energy equations, which are performed in ANSYS CFX. The coolant is air and boundary conditions are as follows: Inlet velocity determined by Re, and the inlet temperature of 290 K; outlet pressure of 1 atm; constant heat flux on the endwalls of main channel considering that the outside walls of turbine blade are exposed to the high temperature gas environment; adiabatic boundary for the other walls. And all walls are no slip boundaries. It is worth noting that, for the OC4 case, the mass flow outlet boundary condition was applied on the lateral slots exits, and the mass flowrate of six slots was half the total mass flowrate of coolant.
Mesh is generated in ICEM platform, and the grid dependence study is conducted based on the dimple-protrusion case at the Re of 10,000 to obtain a moderate mesh number. Three grid schemes with the node number of 1283219, 2827536, and 5766132 are used, and heat transfer coefficient and 
Mesh is generated in ICEM platform, and the grid dependence study is conducted based on the dimple-protrusion case at the Re of 10,000 to obtain a moderate mesh number. Three grid schemes with the node number of 1283219, 2827536, and 5766132 are used, and heat transfer coefficient and pressure drop are obtained by numerical calculations, listed in Table 2 . It can be found that the relative deviations of heat transfer coefficient and pressure drop between the grid scheme 2 and grid scheme 3 are 0.08% and 0.09%, respectively, which has met the accuracy requirement of heat transfer simulations. Therefore, the grid scheme 2 is adopted in this investigation. Figure 4 presents the mesh model of Appl. Sci. 2019, 9, 2900 6 of 16 dimple-protrusion channel. Evidently, the O-topology is applied in the dimple/protrusion area to improve the mesh quality, and the grid is densified near the channel walls for more accurate flow and heat transfer results in the boundary layer. Table 2 . Grid dependence study with dimple-protrusion case, Re = 10,000.
Grid Scheme
Node Table 2 . It can be found that the relative deviations of heat transfer coefficient and pressure drop between the grid scheme 2 and grid scheme 3 are 0.08% and 0.09%, respectively, which has met the accuracy requirement of heat transfer simulations. Therefore, the grid scheme 2 is adopted in this investigation. Figure 4 presents the mesh model of dimple-protrusion channel. Evidently, the O-topology is applied in the dimple/protrusion area to improve the mesh quality, and the grid is densified near the channel walls for more accurate flow and heat transfer results in the boundary layer. This investigation is carried out within the Re range of 10,000-100,000, which is in the condition of completely turbulent flow, thus the turbulence models were validated and carefully selected. The experimental data in reference [15] , which is close to the OC1 case, was extracted and compared with the numerical results by Standard k-ε, RNG k-ε, k-ω and SST k-ω models, shown in Figure 5 . It can be found that the Nusselt number of the k-ω model and the SST k-ω model exhibits the similar variation as the experimental data, and the SST k-ω model presents a smaller relative deviation, within 8.2%. Moreover, literatures [14, 22, 25] also demonstrate that the SST k-ω model gives high simulation accuracy in the fluid flow and heat transfer of blade trailing edge. Accordingly, the SST k-ω model is applied in this paper. This investigation is carried out within the Re range of 10,000-100,000, which is in the condition of completely turbulent flow, thus the turbulence models were validated and carefully selected. The experimental data in reference [15] , which is close to the OC1 case, was extracted and compared with the numerical results by Standard k-ε, RNG k-ε, k-ω and SST k-ω models, shown in Figure 5 . It can be found that the Nusselt number of the k-ω model and the SST k-ω model exhibits the similar variation as the experimental data, and the SST k-ω model presents a smaller relative deviation, within 8.2%. Moreover, literatures [14, 22, 25] also demonstrate that the SST k-ω model gives high simulation accuracy in the fluid flow and heat transfer of blade trailing edge. Accordingly, the SST k-ω model is applied in this paper.
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where U in and D h are the inlet velocity and hydraulic diameter, respectively. The Nusselt number is
where q is the wall heat flux, and T w and T f are the wall temperature and fluid temperature, respectively. The friction is defined as [27] :
where ∆P is the pressure drop. The overall thermal performance is
where Nu 0 and f 0 are the Nusselt number and friction of the smooth case. Figure 6 shows the streamlines and turbulence kinetic energy (TKE) distributions on the longitudinally middle sections for five outlet configurations at the Re of 30,000. Obviously, the OC1-3 cases produce similar flow structures in the main channel, that is, the coolant flows vertically into the channel from the inlet, and is laterally deflected by the extraction slots; then the fluid obliquely impinges on the top wall and flow separation occurs, producing a teardrop shaped closed vortex in the up-right area. However, differently, the vortex area of OC2 is significantly larger than that of OC1 and OC3 cases, which is because the TKE of the second passage outlet region (that is, the inlet region of the main channel) is at a high level, thus whose pressure is lower, resulting in a stronger extraction effect and more evident flow deflection. Therefore, for the OC2 case, the impingement point on the top wall is closer to the slot side, leading to the appearance of a larger-scale vortex. While for the OC1 case, the lateral extraction effect is uniformly distributed because the pressure at each slot outlet is equal; for the OC3 case, the TKE and pressure distributions of second passage are reverse to that of the OC2 case, thus the vortex area is even slightly smaller than the OC1 case.
Results and Discussions

Effect of Channel Outlet Configuration
For the OC4 case, due to the top region outflow, the upper flow was substantially parallel to the side wall, and the lower flow was deflected by the side extraction, thus no flow separation occured and no vortex was generated in the main channel. For the OC5 case, the coolant was deflected to both sides because of the two-way lateral slots, then the fluid impingement and flow separation occurred on the central portion of the top wall, thus producing a basically symmetrical flow structure, for which no obvious vortex was generated. Furthermore, it can be found that large vortices were produced in the upstream slots; along the flow direction, the fluid deflection effect was continuously accumulated and the vortices were compressed. Figure 7 shows the Nusselt number distributions on the endwalls for five outlet configurations at the Re of 30,000. It can be seen that, the OC1-3 cases present similar heat transfer distributions, that is, the Nu is high at the entrance area and then rapidly decreases as it flows downstream, simultaneously, the heat transfer isopleth is gradually inclined, which is consistent with the flow deflection driven by the side extraction. The semi-elliptical high-Nu regions appears between the lateral slots. Moreover, the Nu near the top wall is improved by the impingement, while the heat transfer performance in the up-right area is deteriorated due to the large closed vortex. Among the three cases, the OC2 had the largest low-Nu area, while the OC3 produced the smallest low-Nu area. For the OC4 and OC5 cases, there was no obvious heat transfer deterioration. Specifically, the top region outflow weakened the lateral extraction effect in the OC4 case, and whose Nu distribution was basically stratified along the flow direction; the local heat transfer near the top wall was enhanced in the OC5 case, while several small area heat transfer deteriorations appeared round the upper sidewall. Generally, the Nu distribution is consistent with the flow structure for all cases. The OC4 produced a higher average Nu and a smaller low-Nu area, thus has the best heat transfer performance. Figure 8 presents the variations of Nusselt number and friction with Re for different channel outlet configurations. It can be seen from Figure 8a that, at the Re of 10,000, the Nu is close for all cases; while the Nu difference becomes obvious as the Re increases. Generally, the Nu of OC1, OC4, and OC5 increased linearly with Re, and OC4 produced the largest heat transfer augmentation within the Re range of 10,000-100,000, with the maximum Nu of 253.2. The heat transfer levels of OC1 and OC5 were relatively close, which was 2.1-13.0% lower than that of OC4 case. While for the OC2 and OC3 cases, the improvement of Nu gradually slowed down with increasing Re. Specifically, the heat transfer performances of OC3 and OC1 were at the same level within the Re range of 10,000-50,000, while the Nu of OC3 was obviously lower than that of the OC1 case when the Re reached 100,000. Among the five channel outlet configurations, OC2 presented the worst heat transfer performance, and the Nu difference between OC2 (baseline) and OC4 was up to 37.4%. Figure 7 shows the Nusselt number distributions on the endwalls for five outlet configurations at the Re of 30,000. It can be seen that, the OC1-3 cases present similar heat transfer distributions, that is, the Nu is high at the entrance area and then rapidly decreases as it flows downstream, simultaneously, the heat transfer isopleth is gradually inclined, which is consistent with the flow deflection driven by the side extraction. The semi-elliptical high-Nu regions appears between the lateral slots. Moreover, the Nu near the top wall is improved by the impingement, while the heat transfer performance in the up-right area is deteriorated due to the large closed vortex. Among the three cases, the OC2 had the largest low-Nu area, while the OC3 produced the smallest low-Nu area. Figure 8a that, at the Re of 10,000, the Nu is close for all cases; while the Nu difference becomes obvious as the Re increases. Generally, the Nu of OC1, OC4, and OC5 increased linearly with Re, and OC4 produced the largest heat transfer augmentation within the Re range of 10,000-100,000, with the maximum Nu of 253.2. The heat transfer levels of OC1 and OC5 were relatively close, which was 2.1-13.0% lower than that of OC4 case. While for the OC2 and OC3 cases, the improvement of Nu gradually slowed down with increasing Re. Specifically, the heat transfer performances of OC3 and OC1 were at the same level within the Re range of 10,000-50,000, while the Nu of OC3 was obviously lower than that of the OC1 case when the Re reached 100,000. Among the five channel outlet configurations, OC2 presented the worst heat transfer performance, and the Nu difference between OC2 (baseline) and OC4 was up to 37.4%.
As is shown in Figure 8b , except for the friction decrease of OC1, OC2, and OC3 cases as the Re was increased from 10000 to 30000, the friction of all other cases almost remained unchanged, indicating that the Re has little effect on the flow resistance of the trailing edge channels studied in the paper. However, the flow resistance was significantly affected by the channel outlet configuration. The friction was within the range of 0.605-0.623 for the OC1 case, and was obviously increased when introducing the second passage (OC2 and OC3). The relative increment of friction factor as 35.3-40.6% for the OC2 case and 27.6-28.7% for the OC3 case, compared with the OC1 case. This was mainly caused by the impingement effect and appearance of a closed vortex, which has been described in detail in Figure 6 . When the top region outflow was applied, the impingement and vortex were eliminated, thus the flow resistance was significantly reduced, which was 69.9-70.2% lower than that of the OC1 case. Additionally, the friction coefficient can be further decreased using both sides extractions (OC5). Therefore, the drag reduction effects can be effectively achieved by the top region outflow and both sides extractions.
In general, the adoption of second passage will weaken the heat transfer performance and simultaneously increase the flow resistance for the cooling of the trailing edge with lateral slots, thus thie should be avoided in practical applications; while the outlet configuration of top region outflow reduces the friction and enhances heat transfer, and is recommended as a priority in the design of the trailing edge cooling structure; although the outlet configuration of both sides extractions has a lower 
Effect of Dimple/Protrusion Arrangement
According to the results and analysis in Section 4.1, the outlet configuration OC4 is selected due to its excellent thermal performance, and dimples/protrusions are arranged on the endwalls to further improve the heat transfer characteristics. In this section, the effect of dimple/protrusion arrangement on the trailing edge internal flow, heat transfer, flow resistance, and overall thermal performance are investigated and discussed. Figure 9 shows the streamlines and velocity distributions on the cross sections for three dimple/protrusion arrangements at the Re of 30,000. Three cross sections, namely x/Dh = 0.8, 4.6, and 8.5 were selected, corresponding to the entrance, middle and top regions, respectively. For the dimple case, in the cross section of x/Dh = 0.8, the coolant separates at the tail region of dimple away from the extraction slots, producing several small-scale vortices, while the mainstream is little affected. As the coolant flows to the lateral slots, the extraction effect is gradually enlarged and the secondary flow near the dimples is weakened, contributing to the disappearance of flow separation at the outermost dimple. Moreover, the low-velocity areas are produced near the endwalls, especially in the dimple cavities, while the velocity around the slots is higher, and the overall flow structure and velocity As is shown in Figure 8b , except for the friction decrease of OC1, OC2, and OC3 cases as the Re was increased from 10000 to 30000, the friction of all other cases almost remained unchanged, indicating that the Re has little effect on the flow resistance of the trailing edge channels studied in the paper. However, the flow resistance was significantly affected by the channel outlet configuration. The friction was within the range of 0.605-0.623 for the OC1 case, and was obviously increased when introducing the second passage (OC2 and OC3). The relative increment of friction factor as 35.3-40.6% for the OC2 case and 27.6-28.7% for the OC3 case, compared with the OC1 case. This was mainly caused by the impingement effect and appearance of a closed vortex, which has been described in detail in Figure 6 . When the top region outflow was applied, the impingement and vortex were eliminated, thus the flow resistance was significantly reduced, which was 69.9-70.2% lower than that of the OC1 case. Additionally, the friction coefficient can be further decreased using both sides extractions (OC5). Therefore, the drag reduction effects can be effectively achieved by the top region outflow and both sides extractions.
In general, the adoption of second passage will weaken the heat transfer performance and simultaneously increase the flow resistance for the cooling of the trailing edge with lateral slots, thus thie should be avoided in practical applications; while the outlet configuration of top region outflow reduces the friction and enhances heat transfer, and is recommended as a priority in the design of the trailing edge cooling structure; although the outlet configuration of both sides extractions has a lower friction coefficient, it produced the worse heat transfer characteristics compared with the OC4, and should be considered in the light of specific circumstances.
According to the results and analysis in Section 4.1, the outlet configuration OC4 is selected due to its excellent thermal performance, and dimples/protrusions are arranged on the endwalls to further improve the heat transfer characteristics. In this section, the effect of dimple/protrusion arrangement on the trailing edge internal flow, heat transfer, flow resistance, and overall thermal performance are investigated and discussed. Figure 9 shows the streamlines and velocity distributions on the cross sections for three dimple/protrusion arrangements at the Re of 30,000. Three cross sections, namely x/D h = 0.8, 4.6, and 8.5 were selected, corresponding to the entrance, middle and top regions, respectively. For the dimple case, in the cross section of x/D h = 0.8, the coolant separates at the tail region of dimple away from the extraction slots, producing several small-scale vortices, while the mainstream is little affected. As the coolant flows to the lateral slots, the extraction effect is gradually enlarged and the secondary flow near the dimples is weakened, contributing to the disappearance of flow separation at the outermost dimple. Moreover, the low-velocity areas are produced near the endwalls, especially in the dimple cavities, while the velocity around the slots is higher, and the overall flow structure and velocity distribution are substantially symmetric about the centerline. As the coolant flows downstream, the extraction effect is continuously accumulated and the affected area expands inward. Therefore, in the cross sections of x/D h = 4.6 and 8.5, the flow separation occurred only in the innermost dimple area. At the same time, the overall flow velocity decreased and low-velocity area gradually increased. Figure 10 displays the Nusselt number distributions and local limiting streamlines on the endwalls for three dimple/protrusion arrangements at the Re of 30,000. As can be seen from Figure  10a , the Nu is high in the entrance area, and gradually decreases as the coolant flows downstream. Simultaneously, the high-Nu area is deflected toward the lateral slots, which is especially noticeable For the protrusion case, due to the reduction of channel cross sections and the effect of impingement on the protrusion leading edge, a higher level of overall velocity, compared with the dimple case, was presented. There exist several small-scale vortices driven by the secondary flow in the leading edge of protrusions, especially for the inner protrusions. Local low-velocity area is produced on both sides of protrusions due to the weakened fluid disturbance. Similar to the dimple case, as the coolant flows downstream, the velocity of cross section gradually decreases and the secondary flow near the protrusion is weakened.
For the dimple-protrusion case, the cross sections of x/D h = 0.8 and 4.6 were occupied by the dimples and the cross section of x/D h = 8.5 was occupied by the protrusions. It can be seen that, in the dimple cross sections, large-scale flow separation vortices appeared in the front half of inner dimple cavity. Although a similar overall flow structure as the dimple case was presented, the velocity level was higher than the that of dimple case, demonstrating that the interaction between the dimple and protrusion effectively enhances the flow mixing. The flow structure in the protrusion cross section was close to that of protrusion case. Figure 10 displays the Nusselt number distributions and local limiting streamlines on the endwalls for three dimple/protrusion arrangements at the Re of 30,000. As can be seen from Figure 10a , the Nu is high in the entrance area, and gradually decreases as the coolant flows downstream. Simultaneously, the high-Nu area is deflected toward the lateral slots, which is especially noticeable near the slots. According to the local limiting streamlines, the coolant separates at the leading edge of the dimple and then reattaches at the tail region, forming a separation vortex in the front half of the dimple cavity. Consequently, the Nu in the front half cavity is reduced, while the heat transfer around the dimple trailing edge as well as the downstream area is significantly improved, and this effect is gradually weakened as the coolant flows downstream.
It can be seen from Figure 10b that the overall heat transfer level on the endwalls of protrusion case is obviously higher than that of dimple case. Combined with the local limiting streamlines, the coolant impinges on the protrusion leading edge and produces a small separation region; the fluid flows downstream along the spherical protrusion surface as well as the side edges, then separates at the rear area and reattaches at the downstream region, generating a large-scale separation vortex. Therefore, the heat transfer performance on the protrusion leading edge is evidently improved attributing to the impingement effect and flow mixing, while the Nu on the tail area is reduced to a certain extent. Under the effect of lateral extraction, the abovementioned flow structure is deflected, which is particularly evident in the protrusion regions near the slots. Generally, most of protrusions are occupied by the high-Nu area, while the local heat transfer deterioration appears at the junction area of top region outflow and lateral extraction, such as the third row of protrusions near the top region.
According to Figure 10c , the local flow structures of dimple and protrusion are similar to that in Figure 10a ,b. Differently, in the dimple-protrusion case, the composite flow structure was generated at the interaction of dimple and protrusion, and heat transfer enhancement area at the protrusion downstream was extended to the leading edge of dimple, but this effect was weakened along the flow direction. Moreover, it can be clearly seen that the enhanced heat transfer performance at the protrusion leading edge dropped more slowly compared with that at the dimple tail area. Consequently, the overall heat transfer performance of dimple-protrusion case is between the dimple case and protrusion case.
Variations of Nusselt number and friction with Re for different dimple/protrusion arrangements are presented in Figure 11 . According to the Figure 11a , the Nu of all cases increases linearly with larger Re, among which the protrusion produced the largest Nu and the smooth case had the lowest Nu, while the heat transfer performance of dimple-protrusion case was between that of dimple and protrusion cases. Generally, at the same Re, there exists little difference in the heat transfer characteristics between different cases, and a 16.3% improvement at maximum can be achieved by the protrusion, compared with the smooth case. While in Figure 11b , significant differences in the friction for different cases can be found. As the Re is increased from 10,000 to 50,000, the friction coefficient of all cases decreases and the declining trend gradually slows down; with the further increase of Re, the friction coefficient remains almost unchanged. Relatively speaking, the smooth case had the lowest friction, followed by the dimple case, while the protrusion produced the largest flow resistance, and the friction of dimple-protrusion case was between that of dimple and protrusion cases. Compared with the smooth case, an additional friction of 8.5-10.8% was generated by the protrusion; while for the dimple case, the value was only 0.5% at maximum. Variations of Nusselt number and friction with Re for different dimple/protrusion arrangements are presented in Figure 11 . According to the Figure 11a , the Nu of all cases increases linearly with larger Re, among which the protrusion produced the largest Nu and the smooth case had the lowest friction for different cases can be found. As the Re is increased from 10,000 to 50,000, the friction coefficient of all cases decreases and the declining trend gradually slows down; with the further increase of Re, the friction coefficient remains almost unchanged. Relatively speaking, the smooth case had the lowest friction, followed by the dimple case, while the protrusion produced the largest flow resistance, and the friction of dimple-protrusion case was between that of dimple and protrusion cases. Compared with the smooth case, an additional friction of 8.5-10.8% was generated by the protrusion; while for the dimple case, the value was only 0.5% at maximum. Figure 12 shows the variations of relative Nusselt number and relative friction with Re for different dimple/protrusion arrangements. It can be seen from Figure 12a that three cases present similar Nu changing regularity, that is, increases first and then decreases with larger Re, and the maximum Nu/Nu0 is obtained at the Re of 30,000. Among all cases, the protrusion produced the best enhanced heat transfer performance with the maximum Nu/Nu0 of 1.16, while the dimple case hds the lowest Nu/Nu0, whose maximum value was only 1.08, between which was the dimple-protrusion case. Within the Re range of 10,000-100,000, the f/f0 of protrusion case gradually decreased with larger Re, while the f/f0 of dimple and dimple-protrusion cases had little change, and whose relative relationship was consistent with the Nu/Nu0. Figure 12 shows the variations of relative Nusselt number and relative friction with Re for different dimple/protrusion arrangements. It can be seen from Figure 12a that three cases present similar Nu changing regularity, that is, increases first and then decreases with larger Re, and the maximum Nu/Nu 0 is obtained at the Re of 30,000. Among all cases, the protrusion produced the best enhanced heat transfer performance with the maximum Nu/Nu 0 of 1.16, while the dimple case hds the lowest Nu/Nu 0 , whose maximum value was only 1.08, between which was the dimple-protrusion case. Within the Re range of 10,000-100,000, the f/f 0 of protrusion case gradually decreased with larger Re, while the f/f 0 of dimple and dimple-protrusion cases had little change, and whose relative relationship was consistent with the Nu/Nu 0 .
friction for different cases can be found. As the Re is increased from 10,000 to 50,000, the friction coefficient of all cases decreases and the declining trend gradually slows down; with the further increase of Re, the friction coefficient remains almost unchanged. Relatively speaking, the smooth case had the lowest friction, followed by the dimple case, while the protrusion produced the largest flow resistance, and the friction of dimple-protrusion case was between that of dimple and protrusion cases. Compared with the smooth case, an additional friction of 8.5-10.8% was generated by the protrusion; while for the dimple case, the value was only 0.5% at maximum. Figure 12 shows the variations of relative Nusselt number and relative friction with Re for different dimple/protrusion arrangements. It can be seen from Figure 12a that three cases present similar Nu changing regularity, that is, increases first and then decreases with larger Re, and the maximum Nu/Nu0 is obtained at the Re of 30,000. Among all cases, the protrusion produced the best enhanced heat transfer performance with the maximum Nu/Nu0 of 1.16, while the dimple case hds the lowest Nu/Nu0, whose maximum value was only 1.08, between which was the dimple-protrusion case. Within the Re range of 10,000-100,000, the f/f0 of protrusion case gradually decreased with larger Re, while the f/f0 of dimple and dimple-protrusion cases had little change, and whose relative relationship was consistent with the Nu/Nu0. Figure 13 shows the variations of overall thermal performance with Re for different dimple/protrusion arrangements. Obviously, the TP variation law of three cases is similar to Nu/Nu 0 (Figure 12a) , that is, increases first and then decreases with larger Re, and the maximum TP is obtained at the Re of 30,000. This demonstrates that, the overall thermal performance of the trailing edge investigated in this paper mainly depends on the heat transfer characteristics. Moreover, the TP of dimple case and dimple-protrusion case was relatively close, while the protrusion case produced a significantly higher TP, whose maximum value reached 1.13 at the Re of 30,000, indicating a 13% improvement in the overall thermal performance compared with the smooth case. However, the TP of dimple case and dimple-protrusion case was increased by only 8.3% and 8.5% relative to the smooth case, respectively.
In general, for the cooling design of a blade trailing edge with lateral slots, the protrusion structures can significantly improve the heat transfer performance. Although additional flow resistance is produced, it still has the better overall thermal performance, compared with the dimple and dimple-protrusion cases. Therefore, the arrangement of protrusions should be given priority in practical applications. Figure 13 shows the variations of overall thermal performance with Re for different dimple/protrusion arrangements. Obviously, the TP variation law of three cases is similar to Nu/Nu0 (Figure 12a) , that is, increases first and then decreases with larger Re, and the maximum TP is obtained at the Re of 30,000. This demonstrates that, the overall thermal performance of the trailing edge investigated in this paper mainly depends on the heat transfer characteristics. Moreover, the TP of dimple case and dimple-protrusion case was relatively close, while the protrusion case produced a significantly higher TP, whose maximum value reached 1.13 at the Re of 30,000, indicating a 13% improvement in the overall thermal performance compared with the smooth case. However, the TP of dimple case and dimple-protrusion case was increased by only 8.3% and 8.5% relative to the smooth case, respectively.
In general, for the cooling design of a blade trailing edge with lateral slots, the protrusion structures can significantly improve the heat transfer performance. Although additional flow resistance is produced, it still has the better overall thermal performance, compared with the dimple and dimple-protrusion cases. Therefore, the arrangement of protrusions should be given priority in practical applications. 
Conclusions
Based on the typical internal cooling structure of a turbine blade trailing edge, trapezoidal cooling channels with lateral extraction slots were modeled in this paper. Five channel outlet configurations, i.e., no second passage (OC1), radially inward flow second passage (OC2), radially outward flow second passage (OC3), top region outflow (OC4), both sides extractions (OC5), and three dimple/protrusion arrangements (all dimple, all protrusion, dimple-protrusion staggered arrangement), were considered. Numerical investigations were carried out, within the Re range of 10,000-100,000, to analyze in detail the flow structures, heat transfer distributions, average heat transfer and friction characteristics and overall thermal performances. Specific conclusions were as follows: 1. For five channel outlet configurations, the heat transfer level is high at the entrance area and then rapidly decreases as it flows downstream. Under the effect of lateral extraction, the coolant is deflected toward the slots, and the semi-elliptical high-Nu regions appear between the lateral slots. For the OC1, OC2 and OC3 cases, the heat transfer deterioration occurred in the up-right area due to the formation of a teardrop shaped closed vortex, which was more obvious in the OC2 case, while the heat transfer performances of OC4 and OC5 were at high levels, and OC4 produced the best heat transfer distribution; 2. Among five channel outlet configurations, OC4 produced the largest heat transfer augmentation within the Re range of 10,000-100,000, with the maximum Nu of 253.2; while the OC2 presented 
Based on the typical internal cooling structure of a turbine blade trailing edge, trapezoidal cooling channels with lateral extraction slots were modeled in this paper. Five channel outlet configurations, i.e., no second passage (OC1), radially inward flow second passage (OC2), radially outward flow second passage (OC3), top region outflow (OC4), both sides extractions (OC5), and three dimple/protrusion arrangements (all dimple, all protrusion, dimple-protrusion staggered arrangement), were considered. Numerical investigations were carried out, within the Re range of 10,000-100,000, to analyze in detail the flow structures, heat transfer distributions, average heat transfer and friction characteristics and overall thermal performances. Specific conclusions were as follows:
1.
For five channel outlet configurations, the heat transfer level is high at the entrance area and then rapidly decreases as it flows downstream. Under the effect of lateral extraction, the coolant is deflected toward the slots, and the semi-elliptical high-Nu regions appear between the lateral slots. For the OC1, OC2 and OC3 cases, the heat transfer deterioration occurred in the up-right area due to the formation of a teardrop shaped closed vortex, which was more obvious in the OC2 case, while the heat transfer performances of OC4 and OC5 were at high levels, and OC4 produced the best heat transfer distribution; 2.
Among five channel outlet configurations, OC4 produced the largest heat transfer augmentation within the Re range of 10,000-100,000, with the maximum Nu of 253.2; while the OC2 presented the worst heat transfer performance, and maximum difference of Nu between OC2 and OC4 was up to 37.4%. The Re had little effect on the flow resistance of the trailing edge channels studied in the paper. Taking the OC1 case as a baseline, when introducing the second passage, the friction was significantly increased by 27.6-40.6%; when the top region outflow or both sides extractions were applied, the friction was reduced by 69.9-70.2%, or even more;
3.
In the dimple area, the coolant separates at the leading edge of the dimple and then reattaches at the tail region, forming a separation vortex in the front half of the dimple cavity. In the protrusion area, the coolant impinged on the protrusion leading edge and flowed downstream along the spherical protrusion surface as well as the side edges, then separated at the rear area and reattached at the downstream region, generating a large-scale separation vortex. Therefore, the heat transfer performance in the dimple trailing edge and protrusion leading edge was greatly improved; 4.
For different dimple/protrusion arrangements, the protrusion case produced the largest Nu, with a 16.3% improvement at maximum compared with the smooth case, simultaneously, producing an additional friction of 8.5-10.8%. The dimple case had the lowest Nu, with an only 0.5% additional friction at maximum relative to the smooth case. The heat transfer and friction characteristics of the dimple-protrusion case were between those of dimple case and protrusion case; 5.
Three dimple/protrusion cases show similar TP variation law, that is, increases first and then decreases with larger Re, and the maximum TP is obtained at the Re of 30,000. The TP of the dimple case and the dimple-protrusion case was relatively close, while the protrusion case produced a significantly higher TP, whose maximum value reached 1.13, indicating a 13% improvement in the overall thermal performance compared with the smooth case.
Taken together, in the cooling design of a blade trailing edge with lateral slots, channel outlet configurations with top region outflow or both sides extractions, and the arrangement of protrusions should be given priority in practical applications. In some cases with special requirements, the optimal cooling structure should be determined by considering multiple factors, such as the blade thermal load, blade profile and radial distortion, coolant pressure and expected pressure drop, processing technology and cost.
